Abstract-This paper presents an X band smart antenna array in which adaptive processing of the received signals is performed by dynamic holographic optical circuitry. The optical circuitry adaptively extracts the principal component of the received signal space, that is the strongest first-order independent temporal component of the ensemble of received signals. The adaptive receiver system can be used, for example, to mitigate multipath interference effects and can separate one received signal from another even though their power spectra may entirely overlap. A prototype two-channel system is designed to fit in a standard-size briefcase and consume less than 50 W of power. The input to the system are modulated waves with a carrier in X band and the output is an electronic demodulated signal. Three major components of this system are described in detail: 1) the quasi-optical lens antenna array front end with angle-of-arrival preprocessing and downconversion, 2) the two-channel electrooptic modulation and optical carrier suppression stage, and 3) the smart optical processor (auto-tuning filter). Component and end-to-end system measurements give quantitative indicators for the usefulness of optical processing in wireless communications.
I. INTRODUCTION
T HIS paper presents an X band smart antenna array in which adaptive processing of the received signals is performed by dynamic holographic optical circuitry. The optical circuitry adaptively extracts the principal component of the received signal space [1] , that is, the strongest first-order independent temporal component of the ensemble of received signals. The adaptive receiver system can be used, for example, to mitigate multipath interference effects and can separate one received signal from another even though their power spectra may entirely overlap. This work is intended to illustrate the use of nonlinear optical techniques that can simplify smart antenna systems [2] and partially relieve the computational burden placed on digital signal processing. We have designed and built a system that consumes less than 50 W continuous wave (CW) and has been built into a briefcase. The system currently accommodates two incoming signals, yet the optical portion remains essentially unchanged as the number of independent signals, i.e., users, increases.
A block diagram of the adaptive receiver system is shown in Fig. 1 , for the case of two incident signals modulated onto the microwave carrier. The front end consists of a 30-element 10-GHz constrained lens antenna array [3] with active antenna receivers positioned along the H-plane focal arc of the lens. Each receiver position corresponds to a specific direction of a plane wave incident and received by the lens array. Upon downconversion, the IF signals are imposed as phase modulation (PM) sidebands onto an optical carrier using electrooptic modulation. The optical carrier is then suppressed using an adaptive holographic element, leaving the signal-bearing optical sidebands. The modulated carrier-suppressed optical beams are coupled into the adaptive optical circuit, referred to as an "auto-tuning filter," that separates the two principal components of the signal input space. The outputs of the prototype adaptive antenna are baseband signals dynamically ordered by signal strength.
Principal component analysis (commonly referred to in the literature as PCA) is a second-order limiting case of the more general independent component analysis (ICA) [4] . Loosely speaking, the objective of independent component analysis is to extract one or more source signals of interest from a set of one or more received signals in the face of a relatively small number of statistical assumptions about the nature of the original sources (e.g., that the sources are statistically independent, hence the name ICA). Over the past two decades the field of ICA has produced a powerful collection of signal processing techniques that have been applied to signal separation, blind deconvolution, beamforming, jammer suppression, and a host of other spatio-temporal signal processing functions [5] . These techniques have been particularly successful in low-bandwidth applications such as speech processing. ICA techniques are less commonly found in RF communications and other high-bandwidth real-time signal processing applications because the computational overhead of ICA techniques is often higher than what is economically practical with current digital signal processing technology, as discussed in [6] for self-adaptive blind signal recognition.
The auto-tuning filter is an analog optical circuit that effectively performs principal component analysis, roughly by forming a correlation matrix and finding the largest eigenvalue and the corresponding eigenvector, which is referred to as the largest principal component of the input space. It also block-diagonalizes the matrix such that the temporal signal associated with the largest principal component is extracted from the input and everything else is passed through the filter. Principal component analysis in general and our optical circuit in particular, have their limitations; some are more fully discussed in Section V. For example, principal component analysis alone cannot reveal the original source signals when the eigenvalues of the correlation matrix are degenerate. The degeneracy must be resolved through higher order signal analysis.
Nevertheless, the optical circuit can perform its matrix computation with high-bandwidth signals (several gigahertz in the current circuit) and on vector spaces of very high dimension (a dimension of 2 here, but of order 10 in other works [7] . High-bandwidth, high-dimensionality signal processing is exceedingly challenging for digital signal processing approaches. A primary objective of our endeavor is to assess the design issues and tradeoffs associated with the incorporation of holographic optical signal processing in a microwave receiver. If the incorporation can be demonstrated as practical, then it seems appropriate to extend the optical processing capabilities, for example, by developing higher order signal processing optical circuitry. The prototype receiver presented here is our first such end-to-end, "packaged" demonstration.
The design, operation and measured performance of each of the three subsystems indicated in the system block diagram in Fig. 1 are given in the following sections, with a subsequent section on end-to-end assessment of the adaptive antenna prototype. The operations performed on the incident signals are traced through: 1) the microwave front end, 2) the electrooptic modulation and carrier suppression stage, and 3) the optical processing (auto-tuning filter) stage. In the last section of the paper we discuss the implementation of an extension of the two-receiver system to an -receiver adaptive array and the implications of using an optically smart quasi-optical antenna array in wireless communications.
II. THE MICROWAVE FRONT END
The lens antenna array shown schematically in Fig. 1 is a quasi-optical array analogous to a Rotman lens. Such active (transmit and receive) T/R lenses have recently been demonstrated to improve dynamic range, increase effective radiated power (ERP) by spatial combining and improve reliability, e.g., [8] , [9] . In this work, a passive discrete 10-GHz lens with 30 patch antenna elements is used, in which the focusing is accomplished with varying delay lines across the array between input and output antenna elements. The photograph of one side of the lens, Fig. 2 , shows the patch antenna elements fed at the nonradiating edges and the microstrip delay lines, which are connected with via holes to the orthogonally polarized patches on the other side of the two-layer lens array. Orthogonal polarization improves the isolation between the two sides of the lens. The measured and calculated half-power beamwidths in the copolarized E-and H-planes are 15 , the cross-polarization ratio at boresite is higher than 20 dB, resulting in a directivity of about 22 dB.
The -number of the lens is 0.6, corresponding to a focal length of 7.5 cm. The array lattice is triangular, with a period of 0.65 , chosen to minimize grating lobes when the beam is scanned. The lens has a number of imperfect focal points and in this demonstration we use two of these points along the H-plane focal arc to place receivers, each preferentially receiving one spatial beam. The isolation, or "crosstalk," between the imperfect focal points for two signal sources was measured using the setup shown in Fig. 3(a) . The two sources have equal-power levels at frequencies and , which are within the bandwidth of the lens array and the receiving antennas on the focal arc. The two transmitters are in the far field equally away from the lens array and copolarized with the receiving side of the lens array. The angle between the optical axes and the line-of-sight corresponding to each transmitter is . The receiver is translated along the focal arc and signal powers are measured for different angles in Fig. 3 . For positions where , the receiver preferentially receives from one of the sources, but some amount of signal power from the other source is also present and referred to as the "crosstalk" signal. The relative amount of the crosstalk depends on the spatial separation between the sources and is shown in Fig. 3(b) -(d). In most cases, the level of cross-talk is below 20 dB, e.g., when the transmitters are at 15 off the lens Each receiver is an active integrated antenna followed by a down-conversion stage, the block diagram of which is shown in Fig. 4 . An RT/Duroid substrate with a high relative permittivity of (0.508 mm thick) is used in order to reduce the size of the integrated active antennas. The antennas are designed for 10 GHz (6.3 mm by 4.3 mm), with a 2:1 voltage standing wave ratio (VSWR) bandwidth of about 150 MHz. The antenna feed is connected directly to a low-noise amplifier (LNA) for optimal noise figure (CHA2063 united monolithic semiconductors, with a 7-13-GHz bandwidth, 16-dB gain, and 2-dB noise figure). Fig. 5 shows the measured gain of the active antenna at the output of the LNA and the measured return loss of the patch, indicating that the receiver bandwidth is determined by the antenna and that the gain contributed by the LNA is not sacrificed. The output power for the LNAs at 1-dB-compression point is 10 dBm, with low dc power consumption (40 mA at 5 V). A mixer downconverter follows the LNA. The IF amplifiers are CLC522 national semiconductors wideband variable gain amplifiers and they provide more than 40 dB gain control through a single high-impedance voltage input.
The ability to control the levels of the signals at the input of the optical processor is important for proper optical processing, as discussed in Section III. The output of the IF amplifiers drives power amplifiers, the outputs of which drive the electrooptic modulator (EOM). The test signals used for characterizing the components of the adaptive array are 
III. ELECTROOPTIC MODULATION AND CARRIER SUPPRESSION
The IF signals are encoded as phase-modulation sidebands on an optical carrier having a wavelength of 532 nm using a multichannel electrooptic crystal modulator, shown in Fig. 6 . The input beam is formed into a vertical line segment. It passes through a magnesium-doped lithium niobate crystal with two vertically separated signal electrodes on one side and a ground plane on the other. Hence, the upper and lower portions of the beam are modulated by different IF signals giving a spatially as well as temporally modulated output beam.
The electrooptic crystal is a thin slab (0.7 mm by 5.2 mm by 45.5 mm) with the optical faces cut at Brewster's angle (about 65 ) in order to minimize reflections. The two signal electrodes are copper strips, approximately 2 mm wide and separated by about 1.5 mm from each other. At the operating IF frequency of 130 MHz, the modulator is a lumped-element circuit. The modulation efficiency is measured to be about 0.2 rad/V for both electrodes, fed separately with narrow-band matching circuits. The crosstalk ( ) between the two electrodes, measured with a HP8510 network analyzer, is 24 dB. . Schematic diagram of two-beam coupling carrier suppression. The input to the minus ("0") port is a modulated laser beam while the input to the plus ("+") port is an unmodulated beam from the same laser. Nonlinear coupling between the beams causes the energy in the carrier at the minus port to be transferred to the plus port at the output.
The auto-tuning filter is the adaptive heart of the system. We have earlier mentioned that it extracts the principal component of the ensemble of signals. It does so partly by assessing the degree of correlation among the various signals. The optical carrier is common to all the signal channels and therefore introduces an unwanted correlation. To eliminate this correlation, we suppress the optical carrier using two-beam coupling within a barium titanate photorefractive crystal [10] , [11] . A more common optical interferometric approach using a Mach-Zehnder interferometer, e.g., [12] typically achieves 30-35 dB of suppression and requires electronic adaptive feedback for good performance. The system presented here achieves over 60 dB of suppression and is inherently optically adaptive. A complete treatment of photorefractive carrier suppression principles is beyond the scope of this work and is given in [13] . Here we present only the fundamentals of operation and the results relevant to our system.
The beam-coupling interaction takes place between two beams coming from the same laser, one of which has been modulated with the IF signals by the EOM as illustrated in Fig. 7 and schematically in Fig. 8 . As a result of the interaction the modulated beam is transmitted from the crystal with the optical carrier largely suppressed, while the other beam has increased carrier power and also a portion of the IF signal power.
As suggested by Fig. 7 , carrier suppression comes at the cost of some signal power lost to the plus port of the photorefractive crystal. For modulation strengths less than unity, about 3 dB of signal power is lost from the signal-bearing beam. There is additional loss in the photorefractive crystal itself, which varies among crystals and is in our case about 1.5 dB.
The experimental prototype modulation and carrier suppression subsystem is shown in Fig. 8(a) ; the dotted portion indicates the measurement apparatus used to assess suppression performance. The photograph of the system is given as Fig. 8(b) . The input laser is a Coherent Inc. Verdi laser operating at 532 nm. The laser beam is formed into a line segment using a line generator followed by a cylindrical lens. The beam is then split by a polarizing beamsplitter/half-waveplate combination to provide an adjustable power ratio. One of the beams enters the EOM, then continues to the photorefractive barium-titanate crystal (BaTiO ). A small fraction of the other beam is used for measurements, as described below. The larger fraction interacts with the modulated beam for carrier suppression in the photorefractive medium. The optical powers at the input face of the crystal are adjusted to be approximately equal. A second half-waveplate is used to rotate the polarization of the unmodulated beam to that required for two-beam coupling.
The performance of the carrier suppression system is determined using a heterodyne technique. The measurement beam is frequency shifted by 80 MHz from the carrier by an acoustooptic modulator. The measurement beam and the carrier-suppressed beam are then combined with a 50/50 beamsplitter, detected by a broadband detector and the spectrum is measured using an RF spectrum analyzer. The heterodyne signal allows us to determine the power of the optical carrier in the modulated beam, as well as the strength of the various sidebands.
The EOM is calibrated by finding the drive voltage for which the output carrier power vanishes, i.e., by finding the first zero of the zero-order Bessel function, corresponding to a modulation index . Once calibrated, the modulator drive voltage is used to set the value of , the ratio of power in the sidebands to the total power of the modulated laser beam. The data in Fig. 9 shows the experimentally measured carrier suppression as a function of modulation strength along with a curve calculated from photorefractive theory [13] . Note that the right-hand minimum in the curve corresponds to the first zero of the zero-order Bessel function. The one of interest is the left-hand minimum, which corresponds to the theoretical perfect suppression. The shape of the theoretical curve agrees qualitatively well with the theoretical curve. The maximum observed value of about 73 dB is measurement limited and is more than sufficient to meet the current needs of the system. The measured limit arises from a combination of detector noise and carrier feedthrough in the acoustooptic modulator. 
IV. AUTO-TUNING FILTER
The auto-tuning filter is a self-organized system that extracts the principal component of the input signal space [7] . The filter has one input and two outputs. The input consists of multiple IF signals imposed on an optical beam as described above. One output (#1 in the schematic Fig. 10 ) provides the strongest IF principal signal component and the other (#2 in the same figure) provides all the other components. The output of interest depends on the application: for example in case of a weak signal and a strong interferer, output 2 extracts the wanted signal. In case of a signal barely above noise level, output 1 delivers the signal with suppressed noise. It is fundamentally an optical oscillator where gain is supplied by photorefractive two-beam coupling. There are two photorefractive interactions in the oscillator: the gain interaction and another that is referred to as a reflexive interaction.
In the interaction that is taking place in the crystal of the gain unit (PRC 1 in the figure) the strong input beam primarily pro- Fig. 11 . Measured signal enhancement provided by the auto-tuning filter. We define signal enhancement as the power ratio of the two signals at the output divided by their power ratio at the input.
vides energy to the oscillating beam. The reflexive coupling interaction that takes place in the second crystal, PRC 2, enhances the contrast between the two principal components: one initial beam is split in two unequal parts that then interact by two-beam coupling. If the optical beam is carrying statistically independent IF signals, the dynamics of reflexive coupling is such that the gain experienced by each optically carried IF signal is proportional to its power (output 1). Thus, the stronger the signal, the more gain it undergoes. The gain loop provides feedback to the reflexive-coupling unit, enhancing the competition for gain until the signal that was initially the strongest dominates the oscillation in the loops. In Fig. 10 , output 1 provides the oscillation signal, while output 2 has the stronger signal suppressed.
The auto-tuning filter was designed, built and then characterized with narrow-band test signals at about 80 MHz, with the two signal frequencies differing by less than 1 kHz. Two acoustooptic modulators (AOs) provide the frequency modulation of a diode-pumped frequency-doubled Nd:YAG laser beam (532 nm). Although AOs have the drawback of being narrow-band devices, they offer the advantage of providing modulated signals without the carrier. It was therefore possible to test the optical processor separately from the carrier suppression circuit. The signal-bearing beams from each of the two modulators are launched together into the auto-tuning filter.
The curve displayed in Fig. 11 shows the signal enhancement provided by the auto-tuning filter. We define signal enhancement as the power ratio of the two signals at the output divided by their power ratio at the input. The interesting region of this plot is the slope around the origin: when the input signals are exactly equal in power, the filter cannot choose one or the other; but as soon as the input ratio differs from 0 dB, the filter becomes capable of extracting the stronger one. For instance, an input ratio of 1 dB produces a 7-dB ratio at the output, providing an enhancement of 6 dB. The signal enhancement reaches a maximum of about 30 dB.
A photograph of the auto-tuning filter used for the adaptive antenna processing is shown in Fig. 12 ; a U.S. quarter dollar is shown in the background for scale. The signal processing bandwidth of the photorefractive auto-tuning filter is determined by the oscillator's round-trip path length. Here the round-trip path length is approximately 5 cm, corresponding to an allowed signal bandwidth of about 6 GHz. The actual signal bandwidth of the entire system is limited by the optical modulator electronics to about 10 MHz.
V. END-TO-END CHARACTERIZATION OF THE PROTOTYPE
The adaptive processor separates the two principal components of the incoming signal space. A complete discussion of principal component analysis and of the corresponding properties of the processing system is beyond the scope of this work. Here we provide a qualitative description as a context in which to present the quantitative measurements given below.
In general, one usually wishes to extract one or more of the originally transmitted source signals in the face of multipath and other interference effects. The outputs of our two-channel system do not, in general, recover the original source signals. Rather, the output of the adaptive processor always provides the principal components of the signal space. The principal components are proportional to the two transmitted signals if and only if three conditions are satisfied: 1) the sources are independent, 2) they produce different received powers, and 3) the signals incident on the optical processor correspond to spatially orthogonal signals. Condition 1 is always satisfied in practice unless some spurious effect causes an apparent correlation (such as the presence of the optical carrier, in our case). The limits imposed on our system by condition 2 are already revealed by the signal extraction curve of Fig. 11 , which shows a finite slope through the origin. As indicated in the Section I, this requirement reflects a fundamental limitation of principal component analysis. In principle, condition 2 could be relaxed with a more sophisticated optical circuit capable of higher order (than correlation) signal processing. The fact, though, is that this requirement is usually satisfied in practice. Condition 3 is another matter. It reflects a particular limitation of our holographic circuit that could be relaxed with a different but more complicated optical circuit geometry. As it stands, condition 2 is the most confining one and is the focus of the end-to-end characterization of the system. Qualitatively, one expects that the principal components will become more and more a superposition of the two source signals as the transmitters are moved close together in angular space. When they are at the same angular position, there is nothing available to the optical processor to distinguish one source from two sources. Fig. 13(a) is a photograph of the adaptive antenna processing system. The system is packaged in an aluminum briefcase with a single power plug. The electronic portions of the system sit on the right side of the case, while the optical portion sits to the left of center. The laser power supply is visible at the far left, while the other power supplies, as well as two cooling fans, lie under the electronics. Fig. 13(b) shows the system as it has been tested end-to-end. The processor sits toward the left of the photograph, with the antenna lens array sitting just to its right. On the lower right is a transmitter with a horn antenna and a second transmitter is partially visible on the far right and vertical middle of the photograph. The two transmitters are placed symmetrically about the antenna array boresite.
We assessed the performance of the system by taking signal extraction curves reminiscent of the enhancement curve shown in Fig. 11 for three different angles between the two transmitters. Fig. 14 provides a context in which to describe the measurements. In general, each of the two detector outputs will be composed of a linear superposition of the transmitter signals.
Since the transmitted signals are uncorrelated, one can write where is the received signal power from transmitter after downconversion to the IF. With a large angle between the transmitters, the received power at the IF on one channel of the receiver is primarily from transmitter while the received power at the other channel is primarily from transmitter . In other words, for equal transmitted powers and are small compared to and . We measure a "crosstalk" between receiving channels by setting the transmitter so that the received powers and are equal and then determine . From the symmetry of our experimental arrangement, we expect the two values of crosstalk to be the same, . Table I shows this crosstalk for each of three angles. At the largest angle of 48 between the transmitters the crosstalk is 15 dB. At the smallest angle of 20 it is 0 dB.
In order to keep the presentation of the quantitative data relatively simple, we define a single-input signal power ratio, . At the output, the auto-tuning filter provides the principal components of its input signals. In this experiment, we optically detect only the power from output 1 which provides the higher power of the two principal components. We define a single output power ratio , the ratio of detected power corresponding to transmitter to the power corresponding to transmitter . Ideally, this output ratio would be zero or infinity, depending on which signal was larger, that received from or that received from , but otherwise independent of the input ratio. Fig. 15 plots the output signal ratio versus the input ratio for three different angles between the transmitters. The two curves for the larger angles have a characteristic "S" shape. When the received signals have identical powers they are indistinguishable by the auto-tuning filter (this is because the two eigenvalues of the signal correlation matrix are degenerate). However, even a small power difference can provide the needed distinction. Of particular interest therefore is the slope near the origin of the curve. For the largest angle of incidence it is 76 dB/dB. This means that if the signals differ by 0.04 dB at the input to the auto-tuning filter, their ratio is enhanced to about 3 dB at the output. Once the output ratio is above 10 dB or so, the enhancement begins to level off. With the smaller angle between the transmitters of 35 the "S" curve becomes much shallower. The slope at the origin is 6.1 dB/dB. At an angle of 20 the "enhancement" is small. At the origin it is about 1.3 dB/dB.
At this latter angle we note that the crosstalk is 0 dB, meaning that all four IF powers are about the same size for equal transmitted powers. It would seem for this smallest angle that the two transmitters are unresolved by the antenna and therefore their two signals should be indistinguishable from one. However, the analysis in terms of power omits the important role of the signal phase and this is the reason there is still some observed signal contrast enhancement, however small.
VI. DISCUSSION
A number of remarks are in order concerning this prototype demonstration and the potential role of adaptive optical processing in wireless communications. The adaptive processing in the prototype developed in this work is performed by a relatively simple optical circuit. The inherent function of this circuit is principal component extraction and it has been effectively demonstrated. It is useful to note that the role of the antenna lens array in our system design is more subtle than might first be apparent. It is true that the array performs something akin to a spatial Fourier transform on the signal space; roughly speaking it converts an angle of arrival to a spatial region in the focal surface. In this sense it does some preprocessing of the incoming signals. If the incoming signals are known to have well-defined and distinguishable directions, the adaptive processor is unnecessary. The focal-surface detectors already contain well-separated signals. That does not help in cases of multipath and other forms of interference, however. In principle it makes no difference to the auto-tuning filter whether or not this "Fourier" transformation of the signals takes place. The actual practical benefit of the antenna lens array enters through dynamic range considerations. In a typical communications scenario one can expect the power incident on the antenna lens array to be more or less uniform over the array, while the power at the focal surface varies by a larger amount. Consider two angularly well-separated sources for example, one giving rise to a received power of 1 W and the second giving rise to a received power of 0.1 W. At the array, each antenna element receives the same power of watts, where is the number of array elements. At the focal surface, one detector receives 1.0 W while the second receives 0.1 W. One can clearly amplify the signal from the second detector so that the output power from the front end is the same for both signals. This could not be done were the signals taken directly at the antenna array. Such dynamic range considerations tend to remain valid when the signals are subject to a multipath environment.
Our prototype demonstration is designed for processing two signals. Among the major benefits of the optical processing is its scaling characteristics. A larger input signal space, say of size , can be accommodated merely by increasing the number of electrodes on the electrooptic modulator to the auto-tuning filter remains largely unchanged. Increasing the number of output channels from 2 to , requires a total of ( ) auto-tuning filters. Thus, in general the adaptive processor scales linearly with the size of the desired signal space, rather than quadratically, as is often the case with adaptive electronic processors.
The system will optimally process multipath communication signals provided arrival time differences are negligible compared to the inverse bandwidth of the signal. Different paths are received by different focal surface receivers. Automatic gain control normalizes the received signal strengths to the same level and the auto-tuning filter combines the received signals coherently while the noise from different receivers adds incoherently. When the multipath delay times are much greater than the inverse signal bandwidth, the auto-tuning filter treats each as a separate source and extracts the strongest one.
The prototype demonstrated here processes signals with bandwidths in the 100 MHz range. None of the components are however limited to this bandwidth. Broad-band antennas, such as second resonant slots with up to 20% bandwidth can be used instead of the patches at a higher carrier frequency [4] , allowing for several gigahertz IF frequencies. A possible issue in this case may be the angle-of-arrival detection quality due to higher grating lobes at the lower band edge, which is a design parameter. The electrooptic modulator presented here is effectively a lumped-element circuit, but its architecture accommodates a set of coupled travelling wave transmission lines and such an EO modulator can cover several gigahertz of bandwidth with good modulation efficiency.
In summary, this paper describes a smart antenna array with optical adaptive processing. The array operates at a 10 GHz RF carrier and a 125-MHz IF signal. The input wave is an unknown superposition of a number of uncorrelated signals incident from different directions and with possibly changing spatial and temporal characteristics. The output electrical signals are adaptively separated and ordered according to their respective signal strengths. This functionality is accomplished with a compact holographic optical processor, which is completely internal to the system. The processor and associated electronics is packaged in a standard-size aluminum briefcase with a single external power plug and consumes less than 50 W of CW power.
